INTRODUCTION
Specialized compartments related to the endosomal-lysosomal system that give rise to cell-specific functions, such as synapticvesicle exocytosis and antigen presentation, have been described in a variety of cell types [1] . The insulin-regulated movement of GLUT4 to the cell surface in myocytes and adipocytes may provide another example of this type of regulated recycling. In the resting state, GLUT4 is localized to tubulo-vesicular elements that are clustered either in the trans-Golgi region, endosomes or in the cytoplasm [2, 3] . The extremely low levels of GLUT4 at the plasma membrane under these conditions appears to be a crucial feature of this protein that distinguishes it from other glucosetransporter-protein isoforms, such as GLUT1. Despite marked differences in the cell-surface levels of GLUT4 and GLUT1 in unstimulated 3T3-L1 adipocytes, their endocytic rates are essentially identical [4] . Therefore it is unlikely that the exclusion of GLUT4 from the plasma membrane in basal adipocytes results solely from its efficient internalization. Consequently, it has been proposed that GLUT4 is targeted to a unique intracellular compartment(s) in differentiated muscle and fat cells that not only facilitates its storage, but also its exocytosis. This enables GLUT4 to move transiently to the cell surface in response to extracellular stimuli such as insulin [2, 3, 5] .
The presence of discrete sorting signals in the cytosolic tails of membrane proteins such as GLUT4 regulates their differential distribution within the endosomal-lysosomal system. In many cases these signals bind to coat components that are thought to selectively transport molecules from one compartment to another [6, 7] . Two major types of signals have been described that are identified either by the sequence YXXØ (where Y is an aromatic amino acid, X is any amino acid and Ø is an amino acid with a bulky hydrophobic group) or LL (where L is leucine or isoleucine) [8, 9] . Both of these motifs bind to adaptor protein (AP)-1 and AP-2 adaptor complexes that regulate clathrin assembly at the trans-Golgi network (TGN) or the cell-surface respectively, and to the AP-3 adaptor complex that has been implicated in endosomal-lysosomal sorting [7, 10] . These signals thereby facilitate the efficient delivery of both newly synthesized and internalized proteins to the endosomal system, from where they may either be recycled or transported to the lysosome [8, 9] . Thus the presence of multiple and distinct sorting signals within the cytosolic tails of proteins with complex trafficking itineraries is probably required to facilitate their interaction with different adaptor-protein subunits at multiple sites throughout the cell. Certain motifs, such as those found in the cell-surface proteoglycans CD3γ and CD4 and the insulin-like growth factor II\mannose 6-phosphate receptor (IGFII\MPR), have been shown to bind more avidly to AP-1 than to AP-2, which correlates with their roles in sorting at the TGN [11, 12] . In contrast, other signals appear to preferentially bind AP-2, suggesting that these motifs predominantly regulate internalization from the cell surface [8, 13, 14] . In addition, dileucine-based motifs in the cytosolic tails of the lysosomal membrane protein LIMP-II and the melanosome-associated protein tyrosinase selectively bind AP-3, rather than AP-1 or AP-2 [15] . The differential affinity of targeting signals for discrete adaptor subunits may be further influenced by amino acids either proximal or distal to the primary signal [15] [16] [17] .
Several laboratories have attempted to identify targeting motifs in GLUT4 by examining the subcellular distribution of either chimaeras comprised of different portions of GLUT4 and another glucose transporter isoform, GLUT1, or GLUT4 point mutants [18] [19] [20] . Two distinct motifs have been identified : a phenylalanine-based motif (FQQI& -)) in the cytosolic N-terminus and a dileucine motif (LL%)* ,%*! ) in the cytosolic C-terminus [21] [22] [23] . These signals function autonomously as internalization motifs [22, [24] [25] [26] [27] , and so presumably interact with AP-2 at the cell surface. However, these motifs also regulate alternative sorting functions, such as those related to the intracellular sequestration of GLUT4 [28] .
It has been suggested that the C-terminus of endogenous GLUT4 contains additional targeting information, based on analyses of chimaeric transporter proteins expressed in insulinresponsive cells [27, 29] . In the present study we found that replacing the last 12 amino acids in GLUT4 with those from GLUT3 caused its constitutive accumulation at the cell surface. Addition of the same 12 residues to full-length GLUT4 did not impair targeting, suggesting that the extreme C-terminus of GLUT4 may contain important targeting information. To further dissect this domain, we constructed three separate mutants in which the residues TELE, YLGP or DEND were mutated to AAAA. Analysis of these constructs by subcellular fractionation and endosomal ablation revealed an important role for the residues TELEYLGP%*)
-&!& in determining the steady-state distribution of this protein in 3T3-L1 adipocytes.
EXPERIMENTAL

Cell culture
3T3-L1 murine fibroblasts obtained from the American Type Culture Collection (Rockville, MD, U.S.A.) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % (v\v) bovine-calf serum (CSL Limited, Parkville, Victoria, Australia). Fibroblasts were induced to differentiate 1 day after reaching confluence by the addition of DMEM containing 10 % (v\v) heat-inactivated foetal-calf serum (FCS ; Gibco BRL), 4 µg\ml insulin, 0.25 mM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine and 100 ng\ml d-biotin. After 72 h, the differentiation medium was replaced with fresh FCS\DMEM containing 4 µg\ml insulin and 100 ng\ml d-biotin. Adipocytes were re-fed with FCS\DMEM every 72 h, and utilized for experiments at least 10 days following the initiation of differentiation.
Antibodies
The anti-peptide polyclonal antibodies specific for either the 12 C-terminal residues of GLUT4, the 12 or 14 C-terminal residues of human GLUT3 or the 15 N-terminal residues of GLUT4 have been characterized and described elsewhere [30, 31] . The affinitypurified polyclonal rabbit antiserum generated against the cytosolic domain of the insulin-regulated aminopeptidase (IRAP) vp165 was generously provided by Dr. Susanna R. Keller, Department of Biochemistry, Dartmouth Medical School, Hanover, NH, U.S.A. The monoclonal anti-(influenza haemagglutinin epitope) (anti-HA) antibody (16B12) was obtained from BabCO, Richmond, CA, U.S.A.
Construction of recombinant GLUT4 transporter cDNAs
The C-terminal GLUT4 mutants were generated by PCR as described previously [32] . BglII-XhoI fragments comprising the C-terminus of GLUT4 and the human GLUT3 epitope tag were generated by PCR and subcloned into the pIRGT backbone [22, 32] to generate pTAG (full-length GLUT4 with the addition of the 12 C-terminal amino acids from human GLUT3 at the extreme C-terminus), pTAIL (in which the GLUT4 cDNA sequence coding for the C-terminal 12 amino acid residues was replaced with the corresponding sequence from human GLUT3), pTELE (in which the residues TELE%*)
-&!" were mutated to alanine residues), pYLGP (in which the residues YLGP&!# -&!& were mutated to alanine residues), and pDEND (in which the residues DEND&!' -&!* were mutated to alanine residues). All regions of the cDNAs generated by PCR were completely sequenced. GLUT4 constructs were initially subcloned as XbaI-XhoI fragments into a shuttle vector that was essentially pBluescript with a modified multiple cloning site, and were then removed and inserted directionally into the unique BamHI-KpnI or BamHI-EcoRI sites of the mammalian expression vector pMEXneo (kindly provided by Dr. Eugenio Santos, National Institutes of Health, Bethesda, MD, U.S.A.).
An exofacial HA epitope-tagged, human GLUT4 construct, pCIS2\HA-GLUT4 [33] (kindly provided by Dr. Michael Quon, National Institutes of Health, Bethesda, MD, U.S.A.), was used to generate pHA-GLUT4. Briefly, an XbaI fragment containing HA-GLUT4 was excised from pCIS2\HA-GLUT4 and subcloned into pSU21. Flanking BamHI and SalI sites were then used to shuttle the HA-GLUT4 insert into the corresponding sites of the retroviral expression vector pBabepuro [34] , to form pHA-GLUT4.
The TAIL, ELEY and YLGP mutations were also generated in pHA-GLUT4. The resulting constructs are referred to as pHA-TAIL, pHA-ELEY and pHA-YLGP respectively. To generate these mutants we took advantage of a unique and conserved SacI site present in the human and rat GLUT4 cDNAs. In the case of pHA-TAIL, a BamHI-SacI fragment from pSU21\HA-GLUT4, encompassing the N-terminal two-thirds of HA-tagged human GLUT4, was first ligated to a SacI-EcoRI fragment, encompassing the corresponding rat GLUT4 C-terminus from pTAIL and shuttled into pBSSK. Subsequently, this fragment was excised and subcloned into pBabepuro. A similar strategy was used to construct pHA-ELEY, except that PCR was employed utilizing the primers -5h-ATCGTGGCCATATTTG-GC-3h and 5h-CGGAATTCTCAGTCATTCTCATCTGGCCC-TAAGGCTGCAGCTGCTGTACTGGGTTTCAC-3h -to generate a SacI-EcoRI fragment encompassing the rat GLUT4 C-terminus and containing the 499-502 alanine substitutions. Similar to pHA-ELEY, pHA-YLGP was constructed utilizing the PCR primers -5h-GGCCGGACATTTGACCAGATCT-CG-3h and 5h-CGGGGATCCTCAGTCATTCTCATCTGCC-GCTGCGGCTTCAAGTTCTGTACTGGG-3h -to generate a BglII-BamHI fragment encompassing the 502-505 alanine substitutions within the rat GLUT4 C-terminus. The integrity of all cDNA fragments generated by PCR were confirmed by sequencing.
Expression of GLUT4 mutants in 3T3-L1 adipocytes
cDNA constructs subcloned into the pMEXneo vector were transfected into subconfluent 3T3-L1 fibroblasts using GLUT4 targeting in adipocytes the LipofectAMINE reagent, following the manufacturer's protocol (Gibco BRL). Neomycin-resistant colonies (0.8 mg\ml G418) (Gibco BRL) were isolated and selected as described previously [32] .
Retroviral stocks of HA-GLUT4, HA-TAIL, HA-ELEY and HA-YLGP were generated using the BOSC 23 packaging cell line [35] . To generate 3T3-L1 adipocytes stably expressing each construct, 3T3-L1 fibroblasts (plated at a density of 5i10&\ 100 mm plate 16 h beforehand) were infected with the relevant virus for 3-5 h in the presence of 4 µg\ml Polybrene (Sigma). After a 48 h recovery period, infected cells were then selected in DMEM containing 10 % FCS and supplemented with 2 µg\ml puromycin (Sigma). Typically, 40-50 % of cells survived this treatment. These polyclonal pools of 3T3-L1 fibroblasts were then grown to confluence and differentiated as described above. Puromycin was not included in the differentiation medium, but was re-applied once the differentiation regime was completed.
Differential centrifugation
Subcellular membrane fractions were prepared from basal and insulin-treated adipocytes by differential centrifugation using a protocol previously described in detail [32, 36] . This protocol yields four membrane fractions designated as high-density microsomes (HDM), low-density microsomes (LDM), plasma membranes (PM) and mitochondria\nuclei (M\N). Here we have focused on the PM and LDM fractions because these fractions are enriched in cell-surface markers and membranes encompassing intracellular GLUT4 respectively [36] .
Preparation and use of horseradish peroxidase (HRP)-conjugated transferrin (Tf)
The Tf-HRP conjugate was prepared and used exactly as described previously [37] . Cells were used for ablation experiments 8-12 days post-differentiation. Human apo-transferrin and all reagents for Tf-HRP synthesis were from Sigma. "#&I-labelled transferrin and "#&I -labelled goat anti-rabbit antibody were from DuPont\NEN.
Electrophoresis and immunoblotting
Total cell membranes or subcellular membrane fractions (10 µg of total protein) were subjected to SDS\PAGE using 7.5 % or 10 % polyacrylamide resolving gels. The protein concentrations of membrane fractions were determined using the bicinchoninic acid (' BCA ') assay (Pierce). Proteins were electrophoretically transferred to PVDF transfer membranes (Millipore) and immunoblotted with polyclonal or monoclonal antibodies as indicated. Primary antibodies were detected by probing with either HRP-conjugated donkey anti-rabbit or sheep anti-mouse secondary antibodies and ECL2 (Amersham) or SuperSignal (an ECL alternative from Pierce) or "#&I-labelled Protein A (Amersham). Autoradiograms were quantified using a model GS-670 imaging densitometer (Bio-Rad). Chemiluminescent bands were quantified directly using a Lumi-Imager F1 (Boehringer Mannheim), and "#&I-labelled Protein A blots were quantified directly using a model GS-363 molecular-imaging system (Bio-Rad). The level of GLUT4 (wild-type or recombinant) or IRAP at the PM of insulin-treated adipocytes was nominally assigned a value of 1 to normalize between independent experiments and between recombinant GLUT4 constructs expressed by different cell lines.
RESULTS
Expression of recombinant GLUT4 proteins in 3T3-L1 adipocytes
In the present studies we have used two different strategies to dissect a new targeting domain in the extreme C-terminus of GLUT4. Our initial studies are based on a strategy previously employed by our laboratory where we engineered an epitope, based on the last 12 amino acids of human GLUT3, at the extreme C-terminus of GLUT4, to allow us to discriminate between recombinant and endogenous GLUT4 in stably transfected 3T3-L1 adipocytes [32] . We have previously found that the targeting of this reporter protein, referred to as ' TAG ', is indistinguishable from endogenous GLUT4 in multiple clonal cell lines and over a wide range of expression levels [28, 32, 38] . In the present study we have constructed a variety of mutants within TAG in which various residues within the last 12 amino acids of GLUT4 have been mutated to alanine. In addition, we have constructed an additional construct, referred to as ' TAIL ', in which the C-terminal 12 amino acids of GLUT4 (TELEYLGPDEND) were entirely replaced with the corresponding sequence from human GLUT3 (SIEPAKETTTNV). We have studied the steady-state distribution of these constructs in both the absence and presence of insulin in a number of different stably transfected cell lines. To address potential problems associated with the use of stable cell lines we devised a separate strategy in which we employed a high-titre retroviral expression system that allowed us to generate polyclonal pools of 3T3-L1 adipocytes expressing each construct at levels comparable with those of endogenous GLUT4 [34] . In the latter strategy, the same parental 3T3-L1 cell line was infected with high-titre retroviruses expressing the different C-terminal mutants ; analyses of the steady-state distributions of all the different retrovirally expressed constructs were then performed in parallel. As an internal control for the integrity of the cell lines following transfection\infection and differentiation in culture, as well as the fidelity of the fractionation protocol, we also analysed the distribution of IRAP, a protein that is targeted similarly to GLUT4 in adipocytes (Figures 1, 2 and 3 ) [39] .
Analysis of stable 3T3-L1 cell lines expressing C-terminal GLUT4 mutants
When expressed in adipocytes, all of the mutants under investigation generated protein products in the range of 40-45 kDa, similar to endogenous GLUT4 (Figures 1 and 2) . Total membranes prepared from each cell line were immunoblotted with antibodies specific for either the C-terminus of GLUT4, the GLUT3 epitope tag (to quantify the relative levels of expression of recombinant GLUT4) or the N-terminus of GLUT4 (to assess the total level of recombinant plus endogenous GLUT4 expression). The polyclonal antiserum specific for the GLUT4 Cterminus used in these studies was generated against a synthetic peptide corresponding to residues 498-509 [30] and hence did not recognize TAIL (Figure 1 ). The epitopes appeared to be partially disrupted in each of the C-terminal alanine mutants (results not shown). Analyses were performed in several different 3T3-L1 cell lines that were selected on the basis of the expression level of the recombinant protein. Cell lines that expressed recombinant GLUT4 at levels comparable with, or lower than, those of endogenous GLUT4 were designated ' low expressors ', whereas those expressing at levels 2-fold higher than endogenous GLUT4 were designated ' high expressors '. We have previously found that the targeting of TAG is indistinguishable from that of endogenous GLUT4, even at levels that are 4-6-fold higher than endogenous expression levels [28, 32, 38] .
Figure 1 Subcellular distribution of epitope-tagged wild-type GLUT4 (TAG) and a C-terminal chimera (TAIL) in 3T3-L1 adipocytes
(A) Expression level of recombinant GLUT4 mutants in 3T3-L1 adipocytes and fibroblasts compared with endogenous GLUT4 [' GLUT4 (endog) ']. Total cell membranes prepared from individual cell lines were subjected to SDS/PAGE and immunoblotted with antibodies specific for the GLUT3 epitope, the C-terminus of GLUT4 or the N-terminus of GLUT4. (B) Representative immunoblots showing the subcellular distribution of TAG, TAIL and endogenous IRAP and GLUT4 in 3T3-L1 adipocytes incubated in the absence (k) or presence (j) of insulin. PM or LDM were obtained by differential centrifugation. The distribution of TAG and TAIL were determined using the anti-GLUT3 antibody. The TAG and TAIL clones used for these studies expressed the recombinant protein at similar levels.
In agreement with our previous studies [28, 32, 38] , TAG was predominantly targeted to intracellular membranes in basal adipocytes, in a manner closely resembling that observed for Adipocytes were subjected to subcellular fractionation by differential centrifugation to obtain fractions enriched either in PM or the intracellular GLUT4 compartment (LDM). The PM/LDM ratios, which provide an index of the intracellular sequestration of transporters in the absence of insulin stimulation, were calculated from multiple independent experiments involving immunoblotting with antibodies specific for either Vp165, the human GLUT3 epitope, the HA epitope or the C-terminus of GLUT4. Clones were classified into two broad categories as described in the Results section (low and high) based upon the level of expression of recombinant GLUT4 relative to endogenous levels. Values are expressed as meanspS.E.M. (arbitrary units/µg of protein), where the number of independent observations (n) was 3 or more, or as meanspS.D. (arbitrary units/µg of protein) where n was less than 3.
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Cell line n GLUT4 Vp165 * The values for endogenous GLUT4 (GLUT4) and TAG High were determined previously and are presented above for the purpose of comparison [38] .
endogenous GLUT4 and IRAP ( Figure 1B and Table 1 ). As endogenous GLUT4 is almost entirely excluded from the cell surface and is highly enriched in the intracellular LDM fraction in non-stimulated adipocytes, the PM\LDM ratio provides a quantitative index of the degree of intracellular sequestration. We have previously reported that the PM\LDM ratio is 0.16 for GLUT4 [38] , 1.3 for GLUT1 [32] and 0.12-0.33 for TAG [32, 38] (Table 1) . In response to insulin, the PM\LDM ratio increases to 1.2 for native GLUT4, reflecting a shift in its distribution to the cell surface ( Figure 1B) . Similar changes in the PM\LDM ratio of both IRAP and TAG were observed in response to insulin ( Figure 1 and Table 1 ). In contrast with endogenous GLUT4, IRAP and TAG, a large proportion of TAIL was targeted to the cell surface in non-stimulated adipocytes ( Figure 1B) , as indicated by its PM\LDM ratio of 2.2 ( Table 1 ). The cell-surface accumulation of this chimaera is not a consequence of overexpression, because TAG exhibits a normal subcellular distribution when expressed at even higher levels ( Figure 1 and Table 1 ) [32, 38] . Moreover, as shown below, the distribution of TAIL is also impaired when expressed at low levels in adipocytes. Despite this defect, TAIL translocated from the LDM to the PM fraction following insulin stimulation ( Figure 1B) .
Three constructs, designated TELE, YLGP and DEND, were generated by replacing amino acids in TAG, at positions 498-501 (TELE), 502-505 (YLGP) or 506-509 (DEND), with alanine residues. Detailed analysis of the subcellular distribution of the TELE mutant was performed in three clonal cell lines expressing TELE at either low or high levels of expression. TAG clones expressing recombinant GLUT4 at similar levels to TELE were GLUT4 targeting in adipocytes
Figure 2 Subcellular distribution of C-terminal GLUT4 mutants in 3T3-L1 adipocytes
TELE, YLGP or DEND mutants were constructed in TAG and expressed in 3T3-L1 cells by stable transfection. Several different cell lines were selected, differentiated into adipocytes, incubated in the absence (k) or presence (j) of insulin and then subjected to subcellular fractionation to generate PM or LDM. These fractions were immunoblotted using antibodies specific for either the recombinant proteins (' α GLUT3 ') or endogenous IRAP. Shown are representative blots from cell lines expressing the various constructs at either low or high expression levels. Note that the distribution of IRAP is similar among individual cell lines. Quantification of these data is shown in Table 1 .
analysed in parallel. The distribution of TAG in clones with either low or high levels of expression was indistinguishable from endogenous GLUT4 or IRAP (Figure 1) , with PM\LDM ratios in the range of 0.12-0.16. In contrast, the targeting of TELE was significantly disrupted compared with TAG, as indicated by PM\LDM ratios of 0.6 (Table 1 ). This aberrant targeting was evident in clones expressing the mutant at both high and low levels. The subcellular distribution of IRAP in each of the TELE clones was not significantly different from that in wild-type cells (Figure 2) , with PM\LDM ratios in the range of 0.10-0.18. Despite the impaired steady-state distribution of TELE in basal adipocytes, insulin still elicited the redistribution of this mutant from intracellular membranes to the cell surface (Figure 2) .
The fact that the PM\LDM ratio for the TELE mutant was lower than that of TAIL (Table 1) suggested that residues distal to the TELE sequence might also contribute to the targeting information contained within the extreme C-terminus. Thus we examined the distribution of YLGP in clonal cell lines expressing
Figure 3 Subcellular-distribution analysis of exofacial HA-tagged GLUT4 (HA-GLUT4) and C-terminal GLUT4 mutants (HA-TAIL, HA-ELEY and HA-YLGP) expressed by retrovirus in 3T3-L1 adipocytes
3T3-L1 adipocyte pools expressing HA-GLUT4, HA-TAIL, HA-ELEY or HA-YLGP constructs were pre-incubated in serum-free medium for at least 2 h and further incubated for 15 min at 37 mC in the absence (k) or presence (j) of insulin. Cells were subjected to differential centrifugation, and aliquots of each fraction (10 µg of protein) immunoblotted with antibodies specific for either the HA epitope or endogenous IRAP. Data are representative for at least three separate experiments. Quantification of these data is shown in Table 1 .
the mutant at different levels. The targeting of YLGP in clones expressing the protein at levels comparable with or less than that of endogenous GLUT4 was not significantly different from TAG ( Figure 2 and Table 1 ). However, at higher expression levels the YLGP mutant accumulated at the cell surface in basal adipocytes, as indicated by PM\LDM ratios of 1.0 ( Figure 2 and Table 1 ). The subcellular distribution of IRAP in cell lines expressing the YLGP mutant closely resembled that observed in other cell lines (Figures 1 and 2 ). Similar to TAIL and the TELE mutant, there was no demonstrable abnormality in the insulinstimulated movement of the YLGP mutant.
Three clonal cell lines expressing the DEND mutant were also analysed ( Figure 2 ). We were unable to find any significant change in the subcellular distribution of this mutant compared with endogenous GLUT4 or TAG, as evidenced by PM\LDM
Figure 4 Alignment of consensus sequence within the cytosolic domains of GLUT4, IRAP and PC6B
The cytosolic tails of GLUT4, IRAP and PC6B contain acidic clusters membrane-distal to their respective dileucine signals. Note that IRAP is a type II membrane protein, whereas the Ctermini of both GLUT4 and PC6B are cytosolic, as indicated by their topology with respect to the transmembrane (' TM ') domain. IRAP contains two acid clusters in its cytosolic domain, both similarly spaced from dileucine motifs designated ' IRAP a ' and ' IRAP b '. As depicted, each of the acidic clusters identified in these proteins demonstrate similar spacing (five to eight residues) between the respective dileucine motif and the acidic cluster. The area of sequence similarity within this region of each protein is shaded and constitutes a potential endosomal sorting motif, EXEY (where E is any acidic amino acid, X is any amino acid and Y is tyrosine).
ratios in the range of 0.21-0.31 ( Figure 2 and Table 1 ). In addition, the redistribution of DEND from the intracellular fraction to the cell surface following stimulation with insulin (4.6-fold) closely resembled that observed for TAG (4.4-fold). Thus, over the range of expression levels examined here, we have been unable to discern a major contribution for the terminal four residues (DEND) in targeting GLUT4 in adipocytes.
Mutational analysis of the GLUT4 C-terminus using HA-tagged GLUT4
All of the above studies were performed using individual neomycin-resistant clones that stably expressed each construct. In order to rule out the possibility that these data were due to clonal variance rather than specific targeting defects, we constructed a similar set of mutants in the context of a HA-tagged GLUT4 construct [33] . In addition, all constructs were introduced into 3T3-L1 cells by retroviral infection to generate polyclonal pools of 3T3-L1 adipocytes expressing each construct [34] . The differentiation efficiency of 3T3-L1 cells was unaffected by retroviral infection, and the level of expression achieved for glucose-transporter constructs was generally lower than endogenous levels. In addition, we found that the expression of all constructs was quite uniform in adipocytes using this system (results not shown). Thus it is highly unlikely that any targeting defect observed for HA-tagged GLUT4 constructs is due to overexpression per se. Furthermore, by using a construct in which the HA epitope had been engineered into the large exofacial loop of wild-type GLUT4 [33] , we circumvented potential problems associated with introduction of the GLUT3 epitope tag at the end of full-length GLUT4 as employed in our original strategy. The basal distribution of HA-tagged GLUT4 (HA-GLUT4) resembled both endogenous GLUT4 and TAG, with the protein largely excluded from the plasma membrane and enriched in the intracellular LDM fraction (Figure 3) . In contrast, HA-TAIL showed significant accumulation at the cell surface in the basal state (Figure 3) , as indicated by a PM\LDM ratio of 1.1. Despite this difference, HA-TAIL retained the ability to translocate to the plasma membrane in response to insulin. These data are consistent with the studies described above using clonal cell lines (Figure 1) .
Using the same approach, we analysed the subcellular distribution of two GLUT4 mutants in which the residues ELEY%** -&!# or YLGP&!# -&!& were mutated en bloc to alanine Table 2 Endosomal ablation analysis of C-terminal GLUT4 mutants 3T3-L1 adipocytes were incubated with Tf-HRP conjugate for 3 h at 37 mC followed by the addition of 3,3h-diaminobenzene, in the absence or presence of H 2 O 2 . Intracellular membranes were prepared and immunoblotted with antibodies specific for either the GLUT3 epitope or the C-terminus of GLUT4. The extent of protein ablation was determined from the difference in immunoreactive signals between cells incubatedpperoxide. Shown below is the signal remaining in the LDM after ablation expressed as a percentage of the signal in the LDM before ablation. As a control in all these experiments, cells were incubated with Tf-HRP, 3,3h-diaminobenzidine and H 2 O 2 at 4 mC in parallel. Under these conditions, no internalization of Tf-HRP is expected, and, consistent with this, we observed no ablation * The values for endogenous GLUT4 (GLUT4) and TAG High were determined previously.
residues. In these studies we opted to target the residues ELEY because of sequence similarity with the cytosolic tail of IRAP (see Figure 4 ). In agreement with the studies in stable cell lines we observed a significant increase in the steady-state accumulation of both HA-ELEY and HA-YLGP at the cell surface in the absence of insulin (Figure 3 ). This was indicated by PM\LDM ratios of 0.88 and 0.66 for HA-ELEY and HA-YLGP respectively (Table 1 ). In contrast, the subcellular distribution of IRAP in polyclonal pools expressing each of these constructs was identical with that found in control cells with PM\LDM ratios of 0.09-0.14 ( Figure 3 and Table 1 ).
Endosomal-ablation analysis
It has been previously shown that GLUT4 is distributed between multiple intracellular compartments in insulin-sensitive cells [40] . Using a technique in which Tf-HRP is used to selectively ' ablate ' the Tf-receptor-positive recycling compartment of 3T3-L1 adipocytes, it is possible to segregate intracellular GLUT4 membranes into two distinct entities [37] . One pool, presumably consisting of recycling endosomes, is accessible to the recycling Tf-HRP conjugate, and comprises $ 40 % of the total GLUT4 in this fraction. The non-ablated portion contains the remaining 60 % of intracellular GLUT4, and most likely represents the highly insulin-responsive pool [37] . As early endosomal markers are not enriched in this fraction, we have referred to this pool as a ' post-endocytic GLUT4 storage compartment ' [5] . To determine if the sequence under investigation functions in the intracellular sorting of GLUT4, we analysed the C-terminal mutants generated in the present study by Tf-HRP ablation. The sensitivity of epitope-tagged GLUT4 (TAG) to chemical ablation following a 3 h incubation with the Tf-HRP conjugate at 37 mC GLUT4 targeting in adipocytes (44 %) ( Table 2 ) was indistinguishable from wild-type GLUT4 (41 %) [28, 37, 38] . This suggests that TAG is partitioned normally between endosomes and a post-endocytic compartment. Similar results were obtained with cell lines expressing either the YLGP or DEND mutants. In contrast, the TELE mutant was significantly ablated following either a 1 h (58 %) (results not shown) or 3 h (84 %) incubation with the Tf-HRP conjugate at 37 mC (Table 2) . Consistent with our previous findings [28, 37, 38] , membranes blotted in parallel with antibodies specific for the Tf receptor, cellubrevin or GLUT1 showed 85 % ablation of these proteins after incubation for 3 h at 37 mC with the Tf-HRP conjugate, for all of the cell lines studied (results not shown).
DISCUSSION
In the absence of insulin GLUT4 is sequestered within an intracellular storage compartment in both muscle and adipose cells. Insulin overcomes this sequestration resulting in increased cell-surface levels of GLUT4 [3, 40] . Kinetic analysis of GLUT4 recycling in adipocytes reveals that it has a very slow exocytosis rate in the absence of insulin compared with other recycling proteins, such as the transferrin receptor [4, 41] . This suggests that within the cell GLUT4 is sorted away from the bulk of endosomal traffic, thus preventing its entry into constitutively recycling transport vesicles. Dissecting the molecular basis of this intracellular sequestration promises to offer new insight into insulin action. Trafficking within the endosomal system appears to be regulated by sorting signals in the cytosolic tails of recycling membrane proteins [8, 9] . These signals are recognized by sorting machinery which concentrate and sort these molecules into specific transport vesicles [10] . A number of laboratories have attempted to identify sorting signals in cytosolic domains of GLUT4 by constructing either chimaeric proteins or point mutants. This has led to the identification of two separate motifs : FQQI in the N-terminus and a dileucine motif in the C-terminal tail [21] [22] [23] . Both of these motifs function autonomously to regulate internalization from the cell surface, and similar types of motifs have been found to regulate internalization in other recycling proteins [22, [25] [26] [27] . While it remains unclear how these signals might regulate other aspects of GLUT4 trafficking [28] , there is reason to believe that alternate trafficking signals exist in GLUT4. Analysis of GLUT1\GLUT4 chimaeras in either L6 myoblasts or 3T3-L1 adipocytes clearly indicates an important role for the GLUT4 C-terminus in targeting the protein to a highly insulin-responsive compartment [27, 29] . However, mutation of the dileucine signal in this tail did not disrupt this targeting function [29] .
In the present study we have carried out a functional analysis of the extreme C-terminus of GLUT4 in 3T3-L1 adipocytes. We provide evidence for an additional targeting signal, comprised of the residues TELEYLGP, distal to the dileucine motif. Mutation of various residues within this motif results in constitutive accumulation of GLUT4 at the PM. Using a technique to ablate endosomes in 3T3-L1 adipocytes, we also show that mutants in which this motif has been disrupted accumulate in endosomes, suggesting that this signal may regulate a discrete targeting step within the endosomal recycling system. It has been suggested by both ourselves and others that GLUT4 may be sorted out of recycling endosomes into a postendocytic GLUT4 pool that is highly insulin responsive [5, 37, 40] . We propose that the TELEYLGP sequence may regulate this step. It is not clear from our studies if the TELEYLGP signal operates independently of the dileucine signal. Indeed, it is feasible that there are interactions between the N-and C-termini of GLUT4, thus potentially implicating some type of interaction between this motif and the FQQI signal. It is notable that similar types of targeting signals, referred to as ' acidic clusters ', have been identified in a variety of other membrane proteins. These include the low-density-lipoprotein receptor [9] , IRAP [39] , furin [42, 43] , the proprotein convertase PC6B [44] , and the cationdependent and cation-independent MPRs [11, 13] . These motifs appear to be generally involved in regulating trafficking between the TGN and endosomes. Intriguingly, these motifs are often flanked by either tyrosine-based or dileucine targeting signals, and in some cases it has been shown that there is some interdependence between these signals with respect to targeting [44] . As shown in Figure 4 , the acidic cluster motif in the Cterminus of GLUT4 is distal, with respect to the transmembrane domain, from the dileucine signal. Most notably the cytosolic tail of IRAP contains two dileucine signals, both of which are separated from a putative acidic cluster motif by a similar spacing to that observed in GLUT4 (Figure 4 ). In addition, in both cases the topology of these signals with respect to the lipid bilayer is preserved. In a recent study [44] examining the targeting of a member of the proprotein convertase family, known as PC6B, two acidic clusters have been identified. The first of these (AC1) regulates localization to the TGN ; this motif interacts with the TGN sorting protein PACS-1. The second motif (AC2) regulates traffic of PC6B to a regulatable secretory-type compartment that is connected to endosomes. This trafficking pattern has a number of similarities with that previously observed for GLUT4 [5, 37] . Strikingly, there is considerable sequence similarity between the acidic cluster that we have defined in the present study and AC2 in the tail of PC6B (Figure 4) , including the spacing with respect to a dileucine signal. In contrast with AC1, AC2 does not interact with PACS-1 [44] . This is of interest because the GLUT4 C-terminus also does not interact with PACS-1 (S. Rea and D. E. James, unpublished work). Hence, it will be of considerable interest to identify the binding partner for the sorting motif identified in the present study and to determine if it also interacts with PC6B and possibly the tail of IRAP.
In the future it will be important to define the precise amino acids that comprise the C-terminal GLUT4 targeting motif. The acidic residues at positions 499 and 501 do not appear to comprise the entire motif, because we also observed impaired targeting of the YLGP mutant (Figures 2 and 3) . Hence, on the basis of these data and the sequence similarity shown in Figure  4 , it seems evident that there is some role for the tyrosine at position 502. We have recently examined the structure of the GLUT4 C-terminus using two-dimensional NMR. These studies indicate that while most of the tail is relatively unstructured, there is significant nascent helix around the dileucine and residues 498-500 with the potential for turn elements immediately adjacent to the acidic cluster (A. Atkins, J. Wade and D. Craik, personal communication). Although these studies did not provide evidence of structural interaction between the acidic cluster and the dileucine signal, it is possible, as for the low-densitylipoprotein receptor, that this may comprise an overlapping motif, different elements of which may regulate discrete targeting events [17] . It has been shown that a synthetic peptide comprising the dileucine signal in the C-terminus of GLUT4, but not the intact TELEYLGP sequence, interacts with the AP1 adaptor complex [45] . In addition, we have shown that GLUT4 colocalizes with AP1 in adipocytes, and this interaction can be modified by mutating the adjacent serine at position 488 [38] . Thus it seems possible that the GLUT4 dileucine signal may participate in three separate targeting steps : internalization, TGN sorting via AP1 and endosomal sorting. It would appear, however, that if the acidic-cluster domain operates in tandem with the dileucine, it must be dominant, because the phenotype we observe in mutants in which the acidic cluster has been mutated are much more severe than those bearing dileucine mutations [27, 32] .
The most significant challenge for the future is to define the function of these different targeting motifs. It has previously been proposed that GLUT4 enters the endosomal system together with the transferrin receptor and is then sorted into a postendocytic storage compartment from where it may move to the cell surface with insulin [46] . On the basis of our endosomalablation data we propose that the C-terminal acidic cluster motif may play an important role in this step. The identification of similar types of motif in the tail of IRAP and PC6B support this concept. On the basis of the sequence similarity shown in Figure  4 , it will be intriguing to determine if PC6B and GLUT4 cycle through the same intracellular compartment(s) in basal adipocytes. Defining the biogenesis of this post-endocytic storage compartment, and how it relates to the endo-lysosomal system should provide insight into the multiple targeting mechanisms at work within GLUT4 cytosolic domains.
